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Introduction
The human microbiome comprises millions of bacteria, viruses, and fungi found throughout the body with different compositions of species in different body sites. Of particular interest to epidemiological studies is the human gut bacterial microbiome because of its role as both a biomarker of environmental exposures and a mechanism by which they affect health and disease. 1, 2 Little research has been conducted to determine the effects of environmental chemicals on the balance and structure of the bacterial microbiome in human populations. 3, 4 In particular, the transfer of the microbiome from mother to infant is an area of active study owing to a limited understanding of how it occurs, and factors affecting that transfer and seeding of certain bacteria within the infant gut are vastly understudied.
What this study adds
The gut microbiome is a complex "organ," and disruption of its structure has been associated with several disease states. However, no epidemiological studies have been undertaken to explore the effects of environmental contaminants on the microbiome. Early studies have utilized in vitro or animal models to mimic the microbiome, but these models cannot adequately capture the complexities of the human gut. To our knowledge, this is the first article to explore the association between prenatal environmental chemicals, specifically polybrominated diphenyl ethers and polychlorinated biphenyls, and the childhood microbiome in an epidemiological study of healthy children.
of bacterial detection in the uterine endometrium, 6 placenta, 7 and amniotic fluid. 8 However, these results are controversial and others have not replicated these findings. 9, 10 Nonetheless, the maternal microbiome during pregnancy could have dramatic effects on what bacteria are able to colonize the fetal or neonatal gut. To date, studies have primarily examined the effects of diet and nutrient availability or disease status on the adult microbiome. 5, [11] [12] [13] [14] However, factors such as environmental chemicals including endocrine disrupting chemicals and heavy metals have demonstrated pro and antimicrobial effects in animal and in vitro models. 15 In contrast to antibiotics, which have broad spectrum effects on bacterial species, environmental toxicants seem to have more moderate effects, altering the balance of bacterial taxa present rather than eliminating bacteria indiscriminately. As such, the unique ways in which these chemicals affect established microbial community structures and the ability of different microbes to colonize naïve environments (e.g., the fetal gut) present a vital gap in the literature.
Although many environmental chemicals have the potential to impact the balance of bacteria present in the human gut, polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) are of particular interest because they are found nearly ubiquitously in human populations, have known health effects whose mechanisms are not fully described, and have been associated with alterations in microbial community structure in environmental samples and/or in animal models. PBDEs are persistent flame retardant chemicals that were applied to many consumer products and are found nearly universally in U.S. populations. 16 These chemicals have been associated with adverse health outcomes including impaired thyroid function with resulting IQ deficits, [17] [18] [19] ADHD, 20, 21 and obesity. 22, 23 PBDE degradation has been shown to increase the abundance of Clostridia and Bacilli genera in environmental and in vitro samples. 24, 25 Although the detected genera are present in human stools, these findings are yet to be translated to rodent or human studies. Similarly, PCBs were used throughout the 1970s in coolant fluids and as common plasticizers, and were banned due to their toxicity and mutagenicity, but most pregnant women and children continue to be exposed today owing to its environmental persistence. 16 Adverse outcomes associated with PCB exposure include decreased in utero growth, immunosuppression, decreased thyroid function, and carcinogenesis. [26] [27] [28] [29] [30] [31] [32] Oral PCB exposure has been shown to change the structure of the gut microbiome in mice and zebrafish-affecting a broad range of genera. 33, 34 However, whether these effects are also seen in humans and the clinical significance of such changes remains unknown.
The purpose of the present pilot study was to explore the long-term effects of in utero exposure to PBDEs and PCBs on the mid-childhood microbiome. We first determined whether in utero exposure to these compounds was associated with the number of taxa within a child's stool sample, known as alpha diversity. 35 We then examined whether exposure to PBDEs and PCBs was associated with differences in the phylogenetic distances between subjects, known as beta diversity. 35 Finally, we explored which gut bacterial taxa experienced changes in abundance with these exposures.
Methods

Study participants
To examine the relationship between PBDEs/PCBs and the mid-childhood microbiome, we utilized the Gestation and Environment (GESTE) longitudinal birth cohort based in Sherbrooke, Quebec, Canada. Between 2007 and 2009, mothers were recruited at less than 20 weeks pregnancy and followed until delivery. At 6-8 years of age, children were recalled and a pilot group provided stool samples for microbiome analysis. Maternal stool samples were not collected. The population is ethnically and socioeconomically homogenous, with most subjects identifying as French-Canadian and middle-class. The pilot participants included a convenience sample of children who were willing and able to provide a stool sample. To improve precision of effect estimates for this pilot study, all analyses were restricted to children whose mothers were identified as white French-Canadian, who ever breastfed the child subject, and who did not smoke or drink during pregnancy. The pregnancy pilot (n = 18) comprised mother-child pairs where the mother's PBDE levels were measured in early pregnancy and the child participated in the stool collection pilot. The delivery pilot (n = 24) comprised mother-child pairs where the mother's PBDE levels were measured in at delivery and the child participated in the stool collection pilot. Nine subjects were included in both pilot populations. Written informed consent was obtained from parents. All study protocols were approved by the Institutional Review Boards of the University of Sherbrooke, Harvard T.H. Chan School of Public Health, and Columbia University.
PBDE and PCB measurement
Blood was collected from mothers during the early pregnancy and in the hospital at delivery. Plasma levels of PBDEs (PBDE-47, PBDE-99, PBDE-100, PBDE-153) and PCBs (PCB-153, PCB-180, PCB-138) were measured as previously described. 36 Briefly, we employed a gas chromatography-tandem mass spectrometer (GC-MS/MS) method with a limit of detection defined as three times the level of noise (0.1 pg/µL for PBDEs, 0.02 pg/µL for PCBs). Total plasma lipid content was measured using the sulfophosphovanillin colorimetric method. 37 Exposures were normalized by concurrent plasma lipid content, and z-transformed for comparability and to create a sum of exposures for each group of chemicals (i.e., Σ 4 PBDE, Σ 3 PCB). To assess the effect of outlying concentrations, we conducted an analysis of the association between the exposures of interest and alpha diversity where exposures were log-transformed before z-standardizing. The PBDE congeners were chosen because they are nearly ubiquitously detected in the U.S. population and also they are abundant components of the commercial penta-PBDE mixtures (DE-71 and Bromkal 70-5DE). 16, 38 Similarly, the PCB congeners selected have the highest of the PCB congeners measured in a U.S. national representative sample, 16 and contribute most to the total PCB burden in Canadian blood bank samples. 39 
DNA extraction and microbiome composition analysis
Stool was collected at home by children with parental assistance. After the child defecated into a compostable receptacle nested in their toilet, parents, wearing gloves, transferred the stool from the receptacle to a sterile glass vial with a wooden tongue depressor. Stools were then stored at −20°C in home freezers until study staff picked up the stool (within 48 hours), at which point the stools were frozen at −80°C for long-term storage. This follows the gold standard protocol, but even significant deviations have been shown to produce consistent sequencing results such that interindividual variability is significantly greater than the intraindividual variability arising from different storage methods. 40 Total DNA was extracted from children's stools using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA) following the manufacturer's protocol with the addition of a bead beating step after the addition of lysis buffer. 41 Sequencing of the 16S rRNA V1-V2 hypervariable region (primer sequences: 8F: AGAGTTTGATCCTGGCTCAG, 338R: GCTGCCTCCCGTAGGAGT) was performed by the UNC Microbiome Core (Durham, NC). 42 Paired-end sequences were cleaned using the Divisive Amplicon Denoising Algorithm (DADA2) and paired to Operational Taxonomic Units (OTUs) using the SILVA v128 classifier in the Quantitative Insights Into Microbial Ecology (QIIME) pipeline. [43] [44] [45] Singleton sequences and chimeras were removed.
Statistical analyses
Bacterial alpha diversity was calculated using the Shannon Index and Faith's Phylogenetic Diversity (PD) in QIIME. The Shannon Index accounts for species richness and evenness, while the Faith's PD accounts for the phylogenetic distance between taxa within each sample. Both metrics are unitless. Each exposure and the sum of each class of exposures was linearly regressed against each alpha diversity metric adjusting for delivery mode and socioeconomic status. Because the microbiome stabilizes by 2 years of age, the exact age at time of collection is not expected to affect the microbiome in mid-childhood. Therefore, age was not included as a covariate.
Associations between age and alpha diversity metrics can be found in Supplementary Table 1 , http://links.lww.com/EE/A33. To determine whether exposure to PBDEs and PCBs had a statistically significant impact on beta diversity, we used the optimal microbiome-based association test (OMiAT) package to estimate a P-value for each exposure, adjusting for delivery mode and socioeconomic status. 46 Briefly, OMiAT conducts microbiome regression-based kernel association tests (MiRKATs) for Bray-Curtis dissimilarities, and unweighted, weighted, and four generalized UniFrac distances, and an optimal MiRKAT test as well as adaptive Sum of Powered Score (aSPU) tests with five parameters for γ. In addition to reporting P-values for these tests, OMiAT selects the minimum P-value among these tests as the test statistic to estimate a final outcome P-value. To provide a comprehensive view of these results, we report P-values for tests using unweighted and weighted UniFrac distances, the optimal MiRKAT, and OMiAT.
To determine whether individual OTUs were different at 6-8 years of age depending on exposure level, we utilized the Microbiome Comprehensive Association Mapping (MiCAM) function with 30,000 permutations to obtain stable P-values for the associations adjusted for delivery mode and socioeconomic status. 46 This method utilizes kernel machine methods, and therefore does not estimate an effect size for each OTU. However, the directionality for lowest-level taxa is estimated using linear regression methods. Because this function treats OTUs as the exposures and the chemical exposures as the outcome, the directionality of the association and P-values obtained cannot be interpreted as causal. OTUs were considered significantly associated if they met a false discovery rate of 0.05 using the Benjamini-Hochberg correction. All statistical analyses were conducted in R version 3.4.2 (R Core Team, Vienna, Austria).
Results
Study participant characteristics
Characteristics of the overall GESTE population were similar to the pilot population characteristics except that the average concentration of PCB-153 was lower in the pregnancy pilot population (P = 0.02) and the average concentration of PBDE-153 was marginally lower in the delivery pilot population (P = 0.05) ( Table 1 ). The exposures were correlated within class of chemical at each time point, with the highest correlations occurring among PBDEs at delivery. PBDEs were positively correlated with each other between the two time points (correlation coefficients ranging from 0.14 to 0.61, P-values ranging from 0.15 to <0.01) in the full GESTE population, as were concentrations of PCBs (correlation coefficients ranging from 0.29 to 0.42, P-values all <0.01). Normalized exposure concentrations were not correlated with serum lipid content (Figure 1) . Concentrations for the exposures varied by an order of magnitude depending on the congener. Thus we created z-scores for each exposure to normalize the effect estimates for within-and between-subject diversity. After transformation, the rank-ordering of subjects was different for each exposure, and there was no clear pattern in bacterial profiles at the phylum level with higher exposures (Figure 2 ).
Alpha diversity
The mean Shannon Index and Faith's PD in the pregnancy pilot population were 6.9 ± 0.7 and 25.6 ± 4.9, respectively. Similarly, in the delivery pilot population the averages were 7 ± 0.6 and 29.2 ± 5.8 for the Shannon Index and Faith's PD, respectively. Exposures in early pregnancy and at delivery were not significantly associated with a difference in alpha diversity measured by the Shannon Index ( Figure 3A) . Effect estimates for early pregnancy exposure ranged from −0.24 to 0.35 per standard deviation increase in exposure across the different PBDE congeners and from −0.26 to −0.08 per standard deviation increase in exposure for the different PCB congeners for an association with the Shannon Index. For exposures at delivery, these estimates ranged from −0.035 to 0.04 per standard deviation increase in exposure across PBDE congeners and from 0.02 to 0.12 per standard deviation increase in exposure for PCB congeners for an association with the Shannon Index. Similarly, exposures in early pregnancy and at delivery were not associated with a significant difference in alpha diversity measured by Faith's PD ( Figure 3B ). Effect estimates for an association between early pregnancy exposure and Faith's PD ranged from −2.01 to −0.24 and from −0.23 to 1.71 per standard deviation increase in exposure for PBDEs and PCBs, respectively, for an association with Faith's PD. The estimates for an association between exposures at delivery and Faith's PD ranged from −2.12 to −0.28 and from 0.14 to 0.44 per standard deviation increase in exposure for PBDE and PCB congeners, respectively. None of the estimates reached statistical significance. Associations between delivery mode/socioeconomic status and alpha diversity metrics are presented in Supplementary Table 2, http://links. lww.com/EE/A33. Results remained null when exposures were log-transformed before z-standardization (Supplementary Table  3 , http://links.lww.com/EE/A33).
Beta diversity
Neither early pregnancy nor delivery exposure was statistically, significantly associated with differences in beta diversity in mid-childhood (Figure 4) . However, exposure to BDE-99, PCB-180, and Σ 3 PCB showed a trend of association (P < 0.2) when considering unweighted UniFrac distances, indicating possible differences in rare taxa. In general, any exposure during early pregnancy was more significantly associated with differences in beta diversity than the same exposure at delivery, regardless of the dissimilarity metric used (Figure 4) .
Community structure
Exposure to PBDEs and PCBs in early pregnancy was significantly associated with differences in bacterial structure (Table 2) . Higher exposure to PCB-153, PCB-180, and Σ 3 PCB was associated with higher relative abundance of Propionibacteriales and the family Propionibacteriaceae. PCB-180 and Σ 3 PCB were also associated with higher relative abundance of Bacillales Family XI, and PCB-180 was additionally associated with changes in the greater Bacillales order. However, the direction of the association was not consistent among lower level taxa and cannot be estimated for higher-level taxa when nested taxa have mixed effects. Higher PBDE-47 concentrations were associated with higher relative abundances of nine uncultured Ruminococcus 2 species and a lower relative abundance of one uncultured species in the same genus. These differences were consistent with statistically significant differences at the genus level. Higher PBDE-99 exposure in early pregnancy was associated with decreased relative abundance of six uncultured bacteria in the Ruminococcaceae NK4A214 group. Higher PBDE-100 exposure was associated with higher relative abundance of four uncultured bacteria within Lachnospiraceae UCG-003, as well as increased abundance of the genus as a whole. Finally, Σ 4 PBDE exposure was associated with changes in the Clostridiales order, but the direction of effect varied by lower level taxa. Exposure at delivery was not associated with changes in the community structure.
Discussion
In this pilot study, we first explored the potential that PBDEs and PCBs may have associations on inter-and intra-sample diversity. Although some chemicals may act as antimicrobial agents and decrease within-subject diversity, we found this was not the case with PBDE and PCB exposure in either early pregnancy or the perinatal period. This was in conjunction with our hypothesis that PBDEs and PCBs likely act on the microbiome by promoting the growth of certain bacterial species over others rather than universally increasing or decreasing diversity. Similarly, the OTU-specific differences with PBDE and PCB exposure during gestation did not result in significant alterations in between-subject diversity using several distance metrics.
However, the OTU-specific associations in this pilot sample indicate that in utero exposure to environmental chemicals may result in changes in the composition of the childhood microbiome. Depending on the functional abilities that are gained or lost as a result of these changes, the microbiome may mediate the adverse effects of in utero exposure to environmental chemicals. The results of our pilot study also suggest the relative importance of early pregnancy exposures compared with exposures at delivery. These findings may indicate that the examined exposures affect bacterial taxa by limiting or enhancing their ability to colonize a naïve environment, but future in vitro studies are needed to confirm this hypothesis.
In addition to examining associations with subject diversity, we assessed associations between exposures and individual taxa. In this pilot study, we found significant associations between maternal PCB exposure in early pregnancy and higher relative abundance of the families Propionibacteriaceae and Bacillales in the gut microbiome of offspring eight years later. These novel results demonstrate the importance of environmental chemicals in shaping the long-term gut microbiome potentially by favoring or hindering the growth of certain bacteria after the initial seeding. There are two mechanisms by which in utero exposure to PBDEs and PCBs may affect the microbiome of a child years later. Specifically, the exposures may modify the maternal microbiome, which is then passed to the infant and establishes a community trajectory that is detectable in Table 1 Characteristics of the GESTE microbiome pilot populations compared to the overall population (expressed as mean ± SD unless otherwise indicated). Pregnancy Pilot population consists of subjects with early pregnancy exposure measurements, microbiome data, identified as white, ever breastfed, and did not smoke or drink during pregnancy.
b Delivery Pilot population consists of subjects with exposure measurement at delivery, microbiome data, identified as white, ever breastfed, and did not smoke or drink during pregnancy.
mid-childhood. Alternatively, PBDEs and PCBs, which are both known to cross the placenta, 47, 48 could establish a naïve environment that is more hospitable to certain bacteria, promoting their growth at the expense of others. Future in vitro research should explore both of these possibilities. In addition to the better understanding the mechanism of action of these chemicals on the microbiome, it is important to place our findings in the context of the health effects associated with these bacterial families.
Exposure to higher concentrations of PCB-153, PCB-180, and Σ 3 PCB were associated with higher relative abundance of the family Propionibacteriaceae as well as its order Propionibacteriales. Propionibacteria are abundant skin microbes, 49 but are also found in the feces of animals and humans. 50 In fact, several Propionibacterium species found in dairy products have been identified as potential probiotics to counteract intestinal inflammation. 51, 52 Relatedly, subjects who have taken ibuprofen in the last 30 days have higher levels of Propionibacteriaceae compared to subjects who have taken no prescription or nonprescription drugs over that period, indicating a potential antiinflammatory effect. 53 If our observed association is causal, it is possible that Propionibacteriales and Propionibacteriaceae increase in response to the proinflammatory environment caused by higher PCB exposure in utero. 54 However, without further data, including inflammatory status of the mother during pregnancy, this hypothesis cannot be confirmed.
In addition to Propionibacteriales, higher PCB-180 and Σ 3 PCB exposure was associated with higher abundances of Bacillales, specifically an unnamed family (Family XI) that contains the genus Gemella. While the family is understudied, Gemella was overrepresented in colorectal tumor tissue compared with adjacent tissue in a Spanish population. 55 Additionally, G. sanguinis was found to be more abundant in children who went on to develop type I diabetes. 56 However, Gemella species were found to be more abundant in healthy individuals than in subjects with irritable bowel disease and negatively correlated with inflammatory markers in saliva. 57 Owing to the lack of literature on Gemella and the larger Bacillales Family XI in the human intestine, we cannot draw conclusions about the functional consequences of its potential increased abundance with higher PCB exposure.
Higher early pregnancy exposure to PBDE-47 was associated with changes in the genus Ruminococcus 2, with nine species increasing and one decreasing significantly. The genus comprises species that were previously classified under different genera, but clustered based on sequencing. In addition to many uncultured and thus unnamed species, Ruminococcus 2 includes a species previously classified as Ruminococcus bromii. R. bromii is increased with resistant starch and high-flavonoid fruit and vegetable intake, 58 and decreased with an animal-based diet. 59 Despite its association with a traditionally healthy diet, R. bromii is increased in patients with Parkinson's disease, indicating an important link to the nervous system. 60 Ruminococcus 2 also includes uncultured bacteria previously classified as Papillibacter. Although Papillibacter spp. are found to be more abundant in healthy colonic specimens compared to patients with inflammatory bowel disease, 61 some species have also been linked to Parkinson's. 60 While these associations are interesting, more research is needed to uncover the function of the uncultured bacteria within Ruminococcus 2, and whether this genus is in fact associated with PBDE-47 exposure.
Like PBDE-47, PBDE-99 and PBDE-100 were associated with changes in genera that conglomerate species previously classified in other genera or families. Six uncultured bacteria within the Ruminococcaceae NK4A214 group had lower relative abundance with higher concentrations of PBDE-99 in early pregnancy. This group was found to decrease in the rumen of cows with increased thiamine supplementation. 62 Ruminococcaceae NK4A214 includes species that were previously classified as Desulfomicrobium, which was recently found to be increased in the presence of low levels of lead in environmental samples, but nearly absent in the presence of high levels of lead. 63 Given the negative association observed in our study, it is possible Ruminococcaceae NK4214 experiences a similar effect with high PBDE-99 exposure, but this hypothesis must be confirmed by other studies. Other genera with species reclassified to Ruminococcaceae NK4A214 include Oscillibacter, a genus that previously was found to be more abundant in toddlers whose mothers were obese, particularly among high income individuals. 64 According to the SILVA database, Lachnospiraceae UCG-003, which had higher abundance with higher PCBE-100 exposure, contains only uncultured bacteria, and no studies have been conducted indicating potential health effects. Finally, although Σ 4 PBDE was associated with changes in the order Clostridiales (which contains the Ruminococcaceae and Lachnospiraceae genera affected by individual PBDEs), it is a large and diverse order with no consistent health effects. For example, the most notorious member of the order, Clostridium difficile, causes severe gastrointestinal intestinal distress and is directly responsible for 1.3%-9.3% of deaths in infected individuals in the United States depending on the source of the infection. 65 However, at least one family in the order, the Eubacteriaceae, is more common in controls and patients with inactive inflammatory bowel disease (IBD) than in patients with active IBD. 66 It is of note that our results indicate the importance of early pregnancy exposures over later pregnancy (delivery) exposures. While the exposures were positively correlated between the time points, there was not a 1:1 correspondence, and so it is possible that we detected an importance of timing of exposure. This could be an indication of how PBDEs/PCBs modify bacterial community structure (i.e., associations found with early pregnancy concentrations may indicate that the exposures alter the maternal microbiome which is then transferred, whereas associations found with concentrations measured at delivery may reflect the environment in the infant gut to which early colonizing bacteria are exposed). However, the discord in our findings may be an artifact of the limited size of our pilot population. Extensive in vitro research is needed to explore the mechanisms by which PBDEs and PCBs could affect the microbiome. Further, studies in larger populations should assess the relative importance of exposures during different windows of development.
Our pilot study has many strengths. It is one of the first prospective studies examining associations of environmental exposures in pregnancy with the development of the child microbiome. The homogeneous nature of our study participants reduces confounding by factors such as race and socioeconomic position. In addition, we were able to adjust for delivery mode and family income. Because being in a higher income bracket had a significant deleterious association with Faith's PD, inclusion of this variable was particularly important. In addition to these covariates, our primary analysis explored the associations between common congeners of two classes of chemicals with nearly ubiquitous exposure (PBDEs and PCBs) and the microbiome. Our results indicate the potential of the microbiome as a target of chemicals and suggest more research should be done on the public health implications of differences in bacterial composition induced by environmental exposures. Further, we explored several ways in which the microbiome may be affected by environmental exposures, including large effects on within-and between-subject diversity and smaller effects on individual taxa. Lastly, the statistical methods used in this study are uniquely suited for environmental epidemiological microbiome analyses. In addition to testing for differences at each taxonomic level, MiCAM allows for OTUs within higher-level taxa to respond to exposure differently (i.e., some may increase while others decrease). This flexibility allows for the detection of associations that may not be discernable by running individual regressions for higher-level taxa. Further, the permutation testing and multiple-testing correction incorporated into the OMiAT and MiCAM algorithms ensures the robustness of our results. Finally, OMiAT and MiCAM allow for continuous exposures, which is important for environmental epidemiological situations where there is no unexposed population.
Our study also has limitations. Because this pilot study had a limited sample size, it is possible our findings are the result of small sample bias and random error. 67 However, the methods for taxon-level microbiome analyses do not estimate effect sizes, and so our study does not exaggerate the associations of PBDEs and PCBs with the developing microbiome. Further, the consistent findings among PCBs despite different levels of exposure for each congener support their validity. Regardless, our results should be replicated in a larger cohort to confirm the taxa affected by PCBs. Additionally, we cannot rule out unmeasured confounding by factors such as dust ingestion, which is associated with PBDE concentration in human tissues and could affect the microbiome similarly to ingested air pollution, as found by Kish and colleagues. 68, 69 Another limitation related to the pilot nature of our study is the limited generalizability of the subjects selected for the pilot. GESTE subjects are primarily FrenchCanadian and upper-middle class. While this reduces confounding by these factors in our study, it limits the generalizability of our findings. In addition, we restricted our study to children who were ever breastfed because early nutrition (breastfeeding/ formula) is known to influence the development of the microbiome. 70 Therefore, our results should not be generalized to exclusively formula-fed infants. Further, we were not able to adjust our analyses for duration of breastfeeding/childhood diet or supplemental nutritional intake and medication use owing to the limited sample size. However, these variables could not affect PBDE/PCB exposure during pregnancy temporally, and therefore their inclusion in the model would improve precision but their exclusion does not bias effect estimates. Lastly, the temporal distance between exposure and microbiome measurement may be the cause for concern because of the relative instability of the infant microbiome. 70 Ideally, we could compare the microbiome in mid-childhood to maternal samples as well as child samples from infancy and toddlerhood to determine whether the observed effects can be detected earlier, which would indicate that our observed associations were persistent perturbations. Additionally, it would have been optimal to measure repeated PBDE and PCB exposure in childhood as it may be correlated with maternal exposure in pregnancy. However, this pilot was conducted using available samples, and future studies will need to examine earlier samples in other cohorts.
Conclusions
In conclusion, our work suggests the potential importance of environmental factors for the developing human gut microbiome. Larger studies should be conducted to confirm our results and to explore whether other environmental contaminants have similar associations. Further, it is vital that the clinical implications of changes in gut microbial structure be examined, particularly when these changes occur in childhood and may have life-long effects. MiCAM does not predict the direction of association for OTUs that contain more than one species. When the direction of association between exposure and lower-level taxa varies within a higher-level OTUs it is not possible to assess the direction of association for the higher-level OTUs.
